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Production of new neurons in the adult hippocampus
decreases with age; this decline may underlie age-
related cognitive impairment. Here we show that
continuous depletion of the neural stem cell pool,
as a consequence of their division, may contribute
to the age-related decrease in hippocampal neuro-
genesis. Our results indicate that adult hippocampal
stem cells, upon exiting their quiescent state, rapidly
undergo a series of asymmetric divisions to produce
dividing progeny destined to become neurons and
subsequently convert into mature astrocytes. Thus,
the decrease in the number of neural stem cells is
a division-coupled process and is directly related to
their production of new neurons. We present a
scheme of the neurogenesis cascade in the adult
hippocampus that includes a proposed ‘‘disposable
stem cell’’ model and accounts for the disappear-
ance of hippocampal neural stem cells, the appear-
ance of new astrocytes, and the age-related decline
in the production of new neurons.
INTRODUCTION
New neurons are continuously produced in the dentate gyrus
(DG) of the hippocampus. Hippocampal neurogenesis dynami-
cally responds to a multitude of extrinsic stimuli and may be
important for cognition, behavior, pathophysiology, brain repair,
and response to therapies (Deng et al., 2010; Kempermann et al.,
2004; Kriegstein and Alvarez-Buylla, 2009; Zhao et al., 2008).
New neurons arise from neural stem cells, a quiescent cell pop-
ulation that resides in the neurogenic niche of the subgranular
zone (SGZ) of the DG. Stem cells in the SGZ (described also
as radial astrocytes, radial glia-like cells, type-1 cells, and quies-
cent neural progenitors) (Eckenhoff and Rakic, 1984; Encinas
et al., 2006; Kempermann et al., 2004; Kosaka and Hama,
1986; Kronenberg et al., 2003; Mignone et al., 2004; Seri et al.,
2001, 2004) have astroglial characteristics under electron and566 Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc.light microscopy and express some markers in common with
astrocytes (e.g., glial fibrillary acidic protein/GFAP and vimentin)
(Kempermann et al., 2004; Kriegstein and Alvarez-Buylla, 2009).
They differ, however, from mature hippocampal astrocytes in
their morphology, their expression profile (e.g., expressing nes-
tin), and their ability to produce neurons.
Quiescence is one of the defining characteristics of stem cells
in a range of tissues (Li and Clevers, 2010; Morrison and Spra-
dling, 2008; Rossi et al., 2008). The conventional model of
continuous self-renewal of stem cells with cyclic recurring quies-
cence, demonstrated most convincingly for hematopoietic stem
cells, posits that a stem cell stochastically leaves the quiescent
(G0) state, undergoes an asymmetric division, and returns to a
quiescent state, with the cycle repeating many times throughout
the lifespan of the animal. This mode of quiescence is thought
to maintain the size of the pool of stem cells while limiting their
replication to reduce the probability of accumulating mutations.
Aging is associated with a continuous decline in the number of
new neurons in the DG, and age is the most important contrib-
uting factor to the decrease in neurogenesis in the normal brain.
This decline has been reported across mammalian species,
including primates (Cameron and McKay, 1999; Hattiangady
and Shetty, 2008; Kuhn et al., 1996; Leuner et al., 2007; Olariu
et al., 2007; Seki and Arai, 1995). Given the potential significance
of new neurons for cognitive function, it has been hypothesized
that reduced neurogenesis may contribute to age-related cogni-
tive impairment (Cameron andMcKay, 1999; Leuner et al., 2007).
The underlying cause of this age-related decline may include an
increase in neural stem cell quiescence, a decrease in their
productive division or survival of their progeny, a reduction in
neuronal fate commitment, or the loss of neural stem cells
through death or differentiation.
Here we demonstrate that age-related decrease in hippo-
campal neurogenesis under normal conditions is driven by the
disappearance of neural stem cells via their conversion into
mature hippocampal astrocytes. Importantly, this astrocytic
differentiation is coupled to a rapid succession of asymmetric
divisions of the activated stem cells. Thus, in contrast to the
model of multiple cycles of activation and quiescence of stem
cells, hippocampal neural stem cells, once activated, leave the
pool of stem cells. We describe the life cycle of an adult neural
stem cell and propose a ‘‘disposable stem cell’’ model, which
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Figure 1. Nestin-GFP-Expressing Cells and
Dividing Cell Populations in the DG
(A and B) Distribution of Nestin-GFP-expressing cells in
the DG, after immunostaining for GFP (green) and NG2
(red). Pericytes and oligodendrocyte progenitor cells
(OPCs, immunopositive for NG2) are distributed
throughout the DG, but are largely excluded from the GCL
and the SGZ (outlined).
(C and D) High magnification images of a pericyte (C) and
an OPC (D).
(E–G) Dividing cells in the DG. Nestin-GFPmice (n = 4; age
2 months) received three injections of BrdU (150 mg/kg)
at 3 hr intervals and were sacrificed 1 hr after the last
injection. The number and phenotype of BrdU-positive
cells (red) was determined, after staining for GFP (green)
and GFAP (blue), for the defined regions of the DG:
molecular layer (Mol L), GCL, SGZ, and hilus. Vast majority
of dividing cells are located in the SGZ. Outside the SGZ,
where QNPs and ANPs account for the largest number of
dividing cells, NG2-positive, morphologically distinct
OPCs are the main proliferating cell type. On rare occa-
sions, BrdU+Nestin-GFP+ pericytes and BrdU+Nestin-
GFP cells (most likely representing endothelial cells)
were detected in the blood vessels. Extremely rare
BrdU+GFAP+Nestin-GFP astrocytes were observed only
in the hilus and the molecular layer.
Scale bars: (A), 50 mm; (B), 10 mm; (C and D), 5 mm; and (E),
75 mm.
See also Figures S1 and S2 and Table S1.
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Disposable Stem Cellsreconciles the observations on the age-related decrease in pro-
duction of new neurons, the age-related increase in astrocytes,
the disappearance of hippocampal neural stem cells, and the
remodeling of the neurogenic niche; together, these continuous
changes underlie age-dependent decrease in production of
new neurons and may contribute to age-related cognitive
impairment.
RESULTS
Stem and Progenitor Cells of the DG
Neural stem and progenitor cells can be readily identified in
reporter mouse lines (Nestin-GFP or Nestin-CFPnuc) in which
the Nestin gene regulatory elements drive the expression of fluo-
rescent proteins (FPs) (Encinas and Enikolopov, 2008; Encinas
et al., 2006; Enikolopov andOverstreet-Wadiche, 2008;Mignone
et al., 2004) (Figure 1; see Figure S1 available online). In Nestin-Cell Stem Cellbased reporter lines, stem cells can be identi-
fied as radial-glia-like cells positive for GFP/
CFPnuc, nestin, GFAP, brain lipid-binding
protein (BLBP), and vimentin, with a long pro-
cess extending from the SGZ toward themolec-
ular layer and ramifying there. These cells reveal
low levels of proliferation (1% of these cells
incorporate thymidine analog 5-bromo-2-deox-
yuridine, BrdU, upon pulse labeling), and there-
fore are defined as quiescent neural progenitors
(QNPs). Another class of neural progenitors can
be revealed as GFP/CFPnuc-positive round or
oval cells, devoid of a long GFAP- or nestin-
positive radial process, and located in theSGZ. These cells show high levels of proliferation (10%–20%
of these cells incorporate BrdU upon pulse labeling) and are
defined as amplifying neural progenitors (ANPs). Furthermore,
neural precursors are represented by neuroblasts (NBs) and
young immature neurons (IN), which exit the cell cycle, cease
to express the fluorescent reporter proteins, and ultimately
mature into granule neurons.
In addition to QNPs and ANPs, in the DG of Nestin-GFP
reporter mice, the transgene is expressed in NG2-positive
oligodendrocyte precursor cells (OPCs) and in pericytes (Figures
1A–1D). Upon short-term labeling with BrdU, the majority of
labeled cells are observed in the SGZ, and of those, the vast
majority (98%) correspond to QNPs and ANPs (Figures 1E–1G;
Table S1). Labeled OPCs, pericytes, and astrocytes are present
in the granule cell layer (GCL), hilus, and molecular layer of the
DG; however, their absolute number is much smaller than the
number of BrdU-positive QNPs and ANPs (e.g., the number of8, 566–579, May 6, 2011 ª2011 Elsevier Inc. 567
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Figure 2. ANPs are Born from QNPs
(A and B) In Gli1-CreER/RCE animals, GFP is expressed exclusively in QNPs
12–18 hr after tamoxifen induction. Later (48 hr after the induction in [A]),
asymmetrically dividing QNPs giving rise to ANPs can be observed; lower
panel shows a focal plane from the orthogonal projection of the same pair of
cells. Plane of division (dotted line) is often parallel to the SGZ. Furthermore
(120 hr after the induction in [B]), separate ANPs can be identified.
(C and D) A pair of QNP and ANP cells in late telophase in the DG of Gli1-
CreER/RCE mouse 24 hr after tamoxifen induction. In D, the midbody is
visualized by antibody to Aurora B (arrow; also shown at higher magnification
in the inset) to show that such pairs indeed correspond to a newly divided QNP
and its daughter cell.
(E) A pair of QNP cells and an ANP cell in late telophase in the DG of Nestin-
CreER/Z/EG mouse 24 hr after tamoxifen induction.
(F–I) Pairs of QNP and ANP cells (F and G) and of ANP cells (H and I) in telo-
phase in the DG of Nestin-GFP mice; (F) and (I) are z-stack maximum
projections (5 and 7 mm thick, respectively), (G) and (H) are single focal planes
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568 Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc.labeled astrocytes and pericytes does not exceed 0.3% and
1.1%, respectively, of all labeled cells in the DG; Figures 1E–
1G; Figure S2; Table S1). Thus, various cell subpopulations
can be reliably discriminated in the DG of Nestin-FP reporters.
Several lines of evidence indicate that QNPs represent the
stem cell population of the DG and that ANPs, which are often
observed as being separated from the somata of QNPs in an
asymmetric fashion, correspond to their transit amplifying
progeny (Encinas et al., 2006; Enikolopov and Overstreet-
Wadiche, 2008; Mignone et al., 2004). To directly demonstrate
that ANPs are born from QNPs through asymmetric divisions,
we made use of genetic inducible fate mapping (GIFM). We
analyzed crosses between the RCE reporter line (Balordi and
Fishell, 2007) and the Gli1-CreER line, in which Cre recombinase
is fused to a tamoxifen-responsive ligand-binding domain of the
estrogen receptor and is expressed under the control of the Gli1
gene regulatory elements (Ahn and Joyner, 2005). In the hybrid
animals, tamoxifen-induced recombination results in GFP
expression in Gli1-expressing cells and their progeny. A single
tamoxifen injection produced GFP-labeled QNPs detected in
the SGZ as early as 12 and 24 hr after the induction, while the first
labeled, fully separated ANPswere not observed until 36 hr post-
induction (Figure 2; Figures S3 and S4). Initially, these first ANPs
were in close contact with QNPs, but were separate from the
neighboring QNPs at later stages (Figures 2A and 2B). This
suggests that Cre-mediated recombination first occurs in QNPs
and that these GFP-labeled QNPs later give rise to ANPs. This
conclusion was supported by sequential observations, 24–
120 hr after induction, of QNP/ANP pairs that completed nuclear
division, but have not yet separated (Figure 2C). To validate that
such pairs of dividing cells were indeed at the late stages of cyto-
kinesis (and were not merely pairs of closely positioned cells), we
confirmed the presence of the midbody by immunostaining for
Aurora B (Figure 2D). Similar pairs of newly generated cells in
various stages of cytokinesis were also observed in GIFM exper-
iments with Nestin-CreER line (Balordi and Fishell, 2007) (Fig-
ure 2E) and in Nestin-GFP animals after a single pulse of BrdU
(Figures 2F and 2H), or when immunostained for phosphorylated
histone H3, a marker of dividing cells (Figures 2G and 2I). Impor-
tantly, while we often observed pairs and clusters of dividing
ANPs (most of them indistinguishable from other cells in the
cluster, suggesting a symmetric mode of division), in none of
these three models have we detected pairs of dividing QNPs.
These separate lines of evidence together indicate that QNPs
undergo asymmetric divisions to generate ANPs.
The Neural Stem Cell Pool Declines with Age
We used Nestin-GFP and Nestin-CFPnuc mice to determine the
age-related changes in the size of the QNPs and ANPs pools and
found a dramatic decrease in both populations over time.
Between 3 weeks and 2 years of age, we observed a 100-fold(1 mm thick). Nuclei of dividing cells are visualized with antibodies to BrdU
(24 hr after a single pulse) (F and H) or to phosphorylated histone H3 (G and I).
The plane of division (dotted line) is most often parallel to the SGZ for the
QNP/ANP pairs, but can be different for the ANP pairs. Channels for multiple
labels are indicated on the figures. Scale bars: (A–E), 10 mm; (F–I), 5 mm.
See also Figures S3 and S4.
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Figure 3. Age-Dependent Decrease in the
Number of Hippocampal Stem and Progen-
itor Cells
(A–D) Nestin-GFP- and GFAP-positive cells in the
DG of 1-month-old (A and C) and 24-month-old (B
and D) Nestin-GFP mice. (C) and (D) correspond to
the boxed regions in (A) and (B), respectively, and
show GFAP-positive radial astrocyte-like cells in
1- and 24-month-old mice.
(E–G) QNP and ANP cells (green nuclei) in the DG of
2-, 8-, and 24-month-old Nestin-CFPnuc mice.
Note the increase in the number of GFAP-positive
stellar astrocytes with age in (A), (B), and (E–G).
Color channels are indicated. Scale bar: (A, B, and
E–G), 50 mm; (C and D), 25 mm.
(H–J) Quantification of age-related changes in
QNPs (H), ANPs (I), and the QNP/ANP ratio (J) in
Nestin-CFPnuc animals (numbers, also presented
in Table S2, are given as mean ± SEM; at least four
animals per group). In this and other figures, each
animal is represented by a dot on the graph (such
dots can overlap for close values).
(K) Quantification of Nestin-GFP QNPs and radial
astrocyte-like cells (RAs) stained for GFAP, nestin,
and vimentin in 1- and 24-month-old Nestin-GFP
animals.
(L) Percentage of BrdU-labeled QNPs among all
QNP cells in Nestin-GFPmice of different ages after
a single pulse of BrdU (150 mg/kg, analyzed 24 hr
later).
(M and N) Polynomial fits of the QNP and ANP
content (M) and the disappearance (decay) rates (N)
of ANPs and QNPs. Dotted lines show a range
corresponding to one standard deviation. The solid
lines are interpolations.
See also Table S2.
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Disposable Stem Cellsdecrease in QNPs and a 15-fold decrease in ANPs (Figures 3A–
3J; Table S2). The decrease in the number of QNPs was the
same when QNPs were scored as GFAP-positive, nestin-
positive, vimentin-positive, or BLBP-positive cells with radial
morphology (Figures 3C, 3D, 3K and data not shown), indicating
that this decrease is not due to an age-related reduction in trans-
gene expression. Unlike the total number of QNPs, the fraction
of dividing cells within the QNP population did not change sig-
nificantly at different ages (Figure 3L). The QNP/ANP ratio
decreased over time, indicating that the age-related decrease
in the number of QNPs is larger than the decrease in dividing
cells (mainly represented by ANPs) (Figure 3J) and that the rate
of disappearance is different for the QNPs and ANPs. Indeed,
while the rate of disappearance of ANP changes only slightlyCell Stem Cell 8, 566throughout the lifespan of the animal and
is maintained at a level of 0.4% of cells
lost every day, the rate of the QNP pool
depletion changes notably over the life of
the animal (Figures 3M and 3N; Supple-
mental Information). While at 1 month of
age, 1% of QNPs disappear per day
(320 QNPs per brain), by 2 years the
fraction of QNPs lost every day becomes
0.2% (0.4 QNP per brain), and by
2.5 years (extrapolated) would reach0.07% (Figure 3N). Thus, the QNP and ANP populations contin-
uously decrease with age with different dynamics, with the rate
of loss of QNPs significantly lower in the old, as compared to
the young, brain.
Dividing Stem Cells Disappear Soon after Division
We used pulse-labeling experiments to track proliferation and
fate of progenitor populations in the DG. Nestin-CFPnuc mice
received a single injection of BrdU to label a cohort of dividing
cells, and the number and fraction of labeled cells in each
progenitor group was analyzed over the course of 30 days.
The total number of BrdU-labeled cells increased 4-fold and
peaked 48 hr after the BrdU pulse, declined to one third of the
original number 10–15 days later, and stayed at that level–579, May 6, 2011 ª2011 Elsevier Inc. 569
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Figure 4. The Fate of Dividing Cells in the DG
(A) Time course of changes in the number of BrdU-positive cells after pulse labeling. Two-month-old Nestin-CFPnuc mice (n = 4 per time point) received a single
injection of BrdU (150 mg/kg) and the number of BrdU-labeled cells in the DG was monitored over the course of 30 days.
(B) Rate of changes in the number of BrdU+ cells, reflecting periods of active proliferation, rapid loss, and slower loss of the newborn cells.
(C and D) Time course of changes in defined classes of progenitors and mature cells in the DG of Nestin-CFPnuc mice. BrdU+ cells were immunophenotyped to
determine the numbers of labeled cells in defined classes. The results for QNPs, ANPs, NBs, mature neurons (granule cells, GC), and stellar astrocytes (Ast) are
presented for the total number of cells in each class (C) and their fraction among total BrdU-labeled cells (D). Note the logarithmic y scale in (C).
(E–H) Differentiation of newborn cells in Nestin-CFPnuc mice. BrdU-labeled QNPs (12 hr after injection of BrdU, [E]), ANPs and NBs (3 days after injection, [F]),
astrocytes (15 days after injection, [G]), and mature neurons (30 days after injection, [H]); shown with orthogonal projections. Color channels are indicated.
Scale bar, 10 mm.
(I–K) Pulse-chase experiment with Nestin-GFPmice. Nestin-GFPmice received a single injection of BrdU (150mg/kg) andwere sacrificed at different time points.
At early time points after BrdU injection, all of the BrdU+GFAP+ cells also express Nestin-GFP and have QNP morphology. Ten days after BrdU injection,
BrdU+GFAP+ cells lacking Nestin-GFP expression can be observed (I). At this time, the morphology of the BrdU+GFAP+ cells has already started to change, with
branching of the apical GFAP+ process. Thirty days after BrdU injection, none of the BrdU+GFAP+ cells express Nestin-GFP and their morphology resemble that
of mature astrocytes (J). Quantification of the time-dependent changes in the number of BrdU+GFAP+ cells (QNPs and astrocytes together), BrdU+GFAP+GFP+
cells (QNPs), and BrdU+GFAP+GFP cells (astrocytes) in the SGZ and GCL. Note that while the number of BrdU-labeled QNP cells declines, the number of
BrdU-labeled GFAP+ cells remains the same. Color channels are indicated. Scale bar, 10 mm.
Cell Stem Cell
Disposable Stem Cellsthrough 30 days (Figure 4A). These results demonstrate that a
substantial portion of the dividing population reenters the cell
cycle; the largest observed increase in labeled cells occurs
between 12 and 48 hr, with the highest rate of increase (the570 Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc.rate of change per labeled cell) seen at 20 hr (Figure 4B).
Furthermore, they demonstrate that the largest loss of labeled
newly born cells is at 2–5 days, with a particularly high rate of
disappearance at 2.5–4 days; this period of rapid loss of
Cell Stem Cell
Disposable Stem Cellsnewborn cells is followed by a prolonged period (days 7–15) of
a further, slower decrease (Figure 4B; also see Sierra et al.,
2010).
We next quantified changes in defined classes of newly gener-
ated cells in the DG (Figures 4C–4H). As expected, the number of
labeled ANPs initially increased, reflecting proliferation of the
ANPs and their prevalence among all labeled cells. The numbers
(Figure 4C) and fractions (Figure 4D) of labeled ANPs and NBs
change in a reciprocal manner indicative of a potential
precursor-product relationship between these two classes.
The ANP-NB transition is virtually complete after 5–7 days; at
later times, the number and the fraction of NBs corresponds to
those of new granule neurons, suggesting that at the later stages
of maturation (15–30 days), cell loss is minimal and that the
majority of surviving cells (NBs) become mature neurons. The
number of BrdU-labeled QNPs did not change for 7 days and
then gradually declined until none were observed 10–15 days
after the BrdU pulse (this observation contrasts with the situation
in the subventricular zone where labeled stem-like cells can be
observed 45 days after the labeling; data not shown). Unexpect-
edly, detectable numbers of BrdU-labeled astrocytes (of which
there were none at the start of the experiment) appeared several
days after the pulse, increased to near the number of the initially
labeled QNPs by 10 days, and stayed at that level until the last
time point analyzed. After 30 days, the label was observed only
in differentiated neurons and astrocytes, which represented
77% and 23% of the BrdU-labeled cells, respectively (Figures
4E–4H). The reciprocal nature of the changes in BrdU-labeled
QNPs and astrocytes and the near constancy of their sum
suggest the possibility that the newly born astrocytes are derived
from the dividing QNPs.
Together, the results of the pulse-labeling experiment with
the Nestin-CFPnuc reporter line indicate that the vast majority
of QNPs do not undergo symmetric divisions (the number of
BrdU+QNPs does not increase), but may, potentially, reenter
the cell cycle through asymmetric divisions, that ANPs reenter
the cell cycle and multiply, that ANPs may convert into NBs,
that most of newborn progenitors disappear, that the remaining
NBs convert into granule neurons, that the decline in the number
of dividing QNPs is reciprocal to the increase in new astrocytes,
and that QNPs may convert into astrocytes. These results are
compatible with various division/differentiation schemes,
different rates of division and loss of progenitor populations,
and different rates of interconversion of the populations. We
used the data of the pulse-labeling experiments for the compu-
tational modeling that simulates different division/differentiation
scenarios on a cell-by-cell basis; such modeling, rather than
providing an exact description of the cascade, indicates which
schemes and parameters best fit with the experimental data
and helps to exclude those that are not compatible with the
data. The results of this computational simulation (see Supple-
mental Information for details) are an excellent fit with a scheme
where themajority of ANPs undergo 2.3 divisions on average and
convert into NBs, which, after massive loss, convert into differ-
entiated neurons, and where QNPs divide asymmetrically three
times and, after this rapid series of divisions, convert into
astrocytes.
To address the possibility that dividing QNPs convert into
astrocytes, we performed a separate series of pulse-labelingexperiments with Nestin-GFP mice to follow the changes in the
pool of BrdU-labeled GFAP+Nestin-GFP+ cells (GFAP-positive
cells in the DG include both QNPs and astrocytes). Initially, the
number of BrdU+GFAP+Nestin-GFP+ cells in the SGZ and GCL
(i.e., QNPs that were in S phase at the time of label injection)
was the same as the number of BrdU+GFAP+ cells, but
they started to diverge after 7–10 days: the number of
BrdU+GFAP+Nestin-GFP+ cells started to decrease and such
cells were undetectable 20–30 days after the pulse labeling
(Figures 4I–4K). In contrast, although there were no BrdU-
labeled astrocytes in the first 5–7 days after the labeling, by
30 days all BrdU+GFAP+ cells had the morphology of mature
astrocytes (Figures 4I–4J). Remarkably, the total number of
BrdU+GFAP+ cells (i.e., the sum of labeled QNPs and astrocytes)
did not change significantly within the entire analyzed period
(Figure 4K); note that labeled QNPs do not increase in number
after a pulse (Figure 4C) and that we did not observe dying
QNPs (see also Sierra et al., 2010). Thus, while all BrdU-labeled
GFAP+ cells initially corresponded to QNPs, all were subse-
quently detected as astrocytes, supporting the notion that
dividing QNPs had transformed into astrocytes.
These separate pulse-labeling experiments, together with the
lineage-tracing experiments (Figure 2), demonstrate the pro-
gression from QNPs, through distinct phases that include
progenitor amplification and massive death, to mature neurons.
Our results also suggest that QNPs, which entered the division
cycle rather than returning to quiescence, may engage in addi-
tional cycles of asymmetric divisions and disappear by convert-
ing into astrocytes after division.
Stem Cells Differentiate into Astrocytes after Division
To further investigate the potential astrocytic fate of QNPs, we
performed a separate stem cells lineage analysis by GIFM,
generating crosses between the Z/EG reporter line (Novak
et al., 2000) and the Nestin-CreER line, in which the CreER fusion
is expressed under the control of the Nestin gene regulatory
elements (Balordi and Fishell, 2007).
We first validated our Nestin-based GIFM system by analyzing
the mice 24 hr and 30 days after a series of tamoxifen injections,
observing GFP-labeled QNP and ANP cells (but not neurons)
24 hr after the induction and GFP-expressing granule neurons,
as well as QNPs, ANPs, and NBs, 30 days after induction (Fig-
ure S5). Importantly, we could also detect GFP-positive astro-
cyte-like cells in the SGZ, GCL, hilus, and molecular layer
(Figure S5).
We then combined the genetic lineage tracing with BrdU
labeling to track quantitatively and qualitatively the fate of
specific cohorts of dividing cells, focusing on GFAP-expressing
BrdU+GFP+ cells (Figure 5). The number of BrdU+GFP+GFAP+
cells (marking both QNPs and astrocytes, Figures 5A and 5B),
did not change significantly from 10–45 days upon 5 days of
tamoxifen induction and accounted for 15% of newborn
GFP+ cells. Likewise, the number of newly generated neurons
(BrdU+GFP+NeuN+ cells, encompassing young and mature
new neurons) did not change within this period and accounted
for 85% of newborn GFP+ cells (Figures 5C and 5E), similar
to the results with Nestin-CFPnuc and Nestin-GFP mice.
In contrast, newly generated mature astrocytes (BrdU+GFP+
S100b+ cells) were not detected until 20 days postinduction,Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc. 571
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Figure 5. QNPs Undergo Division-Coupled Astrocytic Differentiation
(A–D) Recombination in Nestin-CreER/Z/EG mice (3–4 months old) was induced by tamoxifen treatment. Dividing cells were labeled by multiple injections of
BrdU. Ten days after tamoxifen induction and BrdU labeling, GFP+BrdU+ QNPs change their morphology, branching their apical radial processes and extending
basal cytoplasmic extensions with multiple ramifications (A). Thirty days later, they extend processes from the somata, show characteristic star-shape
morphology and extensive ramification of the branches, and become indistinguishable from the surrounding stellar astrocytes (B). GFP+BrdU+NeuN+ granule
neurons, detected 30 days after tamoxifen induction and BrdU injection; (C; shownwith orthogonal projections). GFP+BrdU+S100b+ mature astrocytes, detected
45 days after tamoxifen induction and BrdU injection (D). Color channels are indicated. Scale bar: (A–D), 10 mm.
(E) Changes in GFP+BrdU+GFAP+ cells (labeled QNPs and new astrocytes together), GFP+BrdU+S100b+ cells (new mature astrocytes), and GFP+BrdU+NeuN+
cells (new neurons), as a fraction of the total number of GFP+BrdU+ cells, after induction with tamoxifen and labeling with BrdU. Note that newmature astrocytes
appear only 20 days after the induction and that the fraction of dividing QNPs and astrocytes does not undergo significant changes. Also note that the fractions of
neurons and astrocytes among GFP+BrdU+ double-labeled cells is the same as for BrdU+ single-labeled cells in Figure 4.
(F) Schematic representation, with a temporal scale, of the changes that QNP undergoes when becoming an astrocyte, with gradual appearance of the apical,
basal, and somatic processes.
See also Figures S5 and S6.
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(Figures 5D and 5E). Thus, separate lines of evidence (pulse-
labeling experiments with Nestin-CFPnuc mice, Figures 4A–
4H; with Nestin-GFP mice, Figures 4I–4K; and present results,
Figure 5) suggest that the DG stem cells generate both mature
neurons and mature astrocytes after division.
This conclusion was further supported by assessing the
morphology of newly generated genetically labeled (BrdU+GFP+)
cells (Figure 5; Figure S5). BrdU+GFP+GFAP+ QNP cells evi-
denced a systematic morphological progression from a single
radial apical process at day 1 after tamoxifen induction to
branching apical process at day 5, to further branching of the
process and short cytoplasmic prolongations (10–20 mm)
emerging from the basal area of the cells’ somata at day 7, to
further complex apical branching with more extensive basal
extensions (>30 mm) and soma migration away from the SGZ
at day 10 (Figure 5A; Figure S5). Fifteen days after induction,
cells with apical, basal, and lateral branching processes
with multiple ramifications appeared. Finally, by 30–45 days,
BrdU+GFP+GFAP+ cells with characteristic star-shape
morphology and extensive ramification of the branches were
observed in the GCL, hilus, and molecular layer (Figures 5B
and 5D; Figure S5). These cells also expressed S100b and
were indistinguishable from the surrounding astrocytes. Notably,
the proportion of neurons (84.5%) and astrocytes (14.5%)
among BrdU+GFP+ cells after 45 days (Figure 5E) was similar
to that seen with BrdU labeling (Figure 4C), further confirming
the validity of the genetic labeling method.
The migration of new astrocytes was mainly outward, with
most of them found at first in the SGZ and the GCL with a few
in the hilus very close to the SGZ. Later, most of the new astro-
cytes (85%) were found in the upper layers of the GCL, with
a small fraction (5%) reaching the molecular layer at the late
time points, and another fraction (10%) located in the hilus
close to the SGZ (Figures 5A, 5B, and 5D; Figures S5F–S5H, Fig-
ure S6). This was observed in all three transgenic mouse lines
that we tested: Nestin-GFP, Nestin-CFPnuc, and Nestin-
CreER/Z/EG.
We next examined whether newly formed astrocytes divide by
injecting nucleotide analogs (BrdU or ethynyl deoxyuridine, EdU)
to Nestin-CreER/Z/EG or Nestin-CreER/RCE animals 2 or
8 months after the tamoxifen induction (although we do not
observe labeled astrocytes in the SGZ and GCL after pulse
labeling [Figures 1 and 4], it is conceivable that newborn astro-
cytes, themselves a small fraction, are enriched in dividing cells).
We did not observe any BrdU- or EdU-labeled GFP+GFAP+
astrocytes, indicating that, under normal conditions, QNP-
derived astrocytes do not reenter the cell cycle.
Together, the pulse- and genetic-labeling experiments
indicate that stem cells of the DG convert into astrocytes (sche-
matically presented in Figure 5F). Furthermore, they indicate that
astrocytic differentiation of QNPs is coupled to their division.
Mitotic Potential of Stem and Progenitor Cells
To analyze division of QNPs and ANPswith better temporal reso-
lution, we utilized sequential thymidine analog labeling with
5-chloro-2-deoxyuridine (CldU) and 5-iodo-2-deoxyuridine
(IdU) (Vega and Peterson, 2005) (Figure 6A). Nestin-GFP mice
were injected with CldU to define an initial proliferative cohortand, at different time intervals (0–20 days), with IdU tomark cells,
which pass through the same or a subsequent S phase (Figures
6A–6C). By determining the fraction of CldU/IdU double-labeled
QNP and ANP cells, it is possible to track the progression of
a progenitor cohort through the rounds of proliferation and to
determine the number of divisions, the length of S phase, and
the length of the division cycle for each class.
When CldU and IdU nucleotides were injected simultaneously,
all IdU-labeled ANP cells were colabeled with CldU. After that
the fraction of double-labeled cells decreased because some
of the cells labeled by CldU had left S phase by the time of the
IdU injection. The rate of this initial decrease allowed us to deter-
mine the length of the S phase (Hayes andNowakowski, 2002) as
12.2±1.1 hr for the ANPs and 7.8±0.7 hr for QNPs (see Supple-
mental Information for details). For the ANPs, a second peak of
double labeling (63%of the IdU-positive ANP cohort also labeled
with CldU) was observed at the t = 28 hr between label injections
(Figure 6D), indicating that the majority of those ANPs that were
in S phase at the time of CldU labeling underwent a second
round of division. A third peak of double labeling was seen at
the t = 70 hr after the first division, indicating that a large fraction
of cells (48% of the initial ANP cohort) had entered a third round
of division. A small fraction of double-labeled ANP (17% of the
cohort) was also seen at 120 hr, suggesting a fourth round of
division for a subpopulation of ANPs; no further peaks were de-
tected 7, 10, 15, or 20 days after the initial CldU labeling. The first
division (marked by CldU incorporation) reflects both the ANP
cells that are born from QNP cells through asymmetric division
and the ANP cells undergoing further rounds of divisions. Thus,
these results indicate that once ANPs are born from QNPs,
most undergo two rounds of divisions before exiting the cell
cycle, with a fraction undergoing three rounds, on average.
The lengths of the S phases for the ANPs and QNPs and the
ratio of labeled ANPs to labeled QNPs after short-term labeling
can then be used to estimate the number of divisions that ANPs
undergo as 2.45 (see Supplemental Information for details;
importantly, this approach relies on the results obtained shortly
after label injection and therefore is not affected by potential
dilution of the label after numerous division cycles). This value
is close to the independently derived results of the computational
simulation of a separate dataset (2.3 divisions of ANPs, single-
label pulse experiment, Figure 4) and the number of peaks of
ANP divisions in the double-label experiments above (Figure 6D).
Remarkably, we could also detect several rounds of division of
QNPs predicted by the computational simulation of the single-
label pulse experiment (Figure 6D); as with ANPs, no further
double-labeled cells were detected 7–20 days after the initial
labeling. Importantly, the number of CldU-labeled QNP cells
did not change significantly for at least 7 days (paralleling the
results of the single-label pulse experiments in Figure 4K), indi-
cating that the decrease in the fraction of double-labeled cells
is not due to the dilution of the label. Also note that the CldU
injection labels populations of cells that are in their first, second,
or third round of division; therefore, if each QNP cell undergoes
three divisions, 2/3 of the initially labeled cohort is expected
to be double-labeled at the time of the second division, close
to the observed values. Thus, these experiments indicate that
the majority of QNPs that have divided once will, within a day,
enter a second and then a third round of division.Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc. 573
Figure 6. Dynamics of QNP and ANP Divi-
sion in the DG
(A) General scheme of the double S phase labeling
protocol. Nestin-GFPmice (2months old, n = 3 per
time point) received a single injection of CldU fol-
lowed, at different time interval (t), by a single
injection of IdU. Scheme on the right illustrates
that a cell marked by CldU injection during the S
phase is able to incorporate the second label (IdU)
if it is injected during the same S phase, but not
later, during the G2, M, or G1 phases. However,
the cell can become double-labeled if IdU is in-
jected when the CldU-labeled cell again enters the
S phase during the second, third, and subsequent
rounds of division.
(B) An example of double S phase labeling with the
CldU and IdU injections separated by 4 hr. In this
example, the interval between label injections is
not commensurate with the length of the cell cycle
of the ANPs or QNPs, and CldU labels the S phase
of the ANP, but not of QNP, whereas IdU labels the
S phase of the QNP, but not of ANP. On the
micrograph, the nucleus of the ANP cells is labeled
with CldU (red) and the nucleus of the QNP cells is
labeled with IdU (blue); colocalization of CldU and
GFP is yellow.
(C) An example of double S phase labeling with the
CdU and IdU injections separated by 28 hr. CldU
labels the S phase of the first division cycle and
IdU labels the S phase of the second cycle (strip-
ped bar). The length of the cell cycle is commen-
surate with the interval between label injections,
and some cells have incorporated both labels. On
the micrograph, the nuclei of a QNP and an ANP
cell (distinguished by the presence of a GFP-
positive radial process) are labeled with CldU (red)
and IdU (blue); triple colocalization is white. Scale
bars: (B and C), 10 mm.
(D) Distinct cycles of division can be detected by
determining the fraction of CldU/IdU double-
labeled QNP and ANP cells at given time intervals.
The length of the cell cycles can be determined
from the position of the peaks, and the length of
the S phase can be determined from the slope of
the decrease during the first S phase. Both QNPs
(green) and ANPs (blue) divide several times in a
close succession as suggested by the presence
of several peaks in dual labeling (the first peak
corresponding to the 0 hr time point); note that the
first division also reflects the asymmetric division
of the QNP that gives rise to an ANP.
(E) A cluster of dividing cells in the SGZ. Several
BrdU-labeled ANPs are located next to a BrdU-
labeled QNP after 2 hr labeling; such clusters
should be observed if QNP, as well as ANPs,
reenters the cell cycle, but not if it becomes
quiescent after giving birth to an ANP (note that
this experiment was performed with 6-month-old
mice, in which progenitor cells undergo a larger
number of divisions than in 2-month-old animals
and in which there are fewer dividing cells such
that the clusters of dividing cells are well sepa-
rated). Inset: schematic representation of the cells
and their BrdU-labeled nuclei.
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their activation and division contrasts with the notion of pro-
longed periods of quiescence between stem cell divisions.
Confirming our conclusions, we observed numerous clusters
containing several BrdU-labeled ANPs next to a BrdU-labeled
QNP after a 2 hr pulse labeling (Figure 6E), corresponding to
ANPs in S phase next to a QNP from which they were derived
and which has reentered the S phase; such clusters should not
be observed if a QNP becomes quiescent after giving birth to
an ANP (which then undergoes rounds of division). The results
of the double-label pulse experiment, taken together with the
results of the single-label pulse experiment (Figure 4) and lineage
analysis (Figure 5), suggest that under normal conditions, QNPs,
once activated, undergo a rapid succession of divisions, exit the
cycle, and convert into astrocytes.
Division/Differentiation Scheme of Adult Hippocampal
Neurogenesis
Our results allow us to define the normal outcome of hippo-
campal stem cell activation and to describe a division/differenti-
ation diagram for hippocampal neurogenesis (Figure 7A). Each of
the stages and cell types can be identified by the expression of
reporters and markers, morphology, and mitotic activity. Our
data suggest that QNPs correspond to the stem cell population
of the adult DG and give rise to both neurons (indirectly, through
intermediate ANP daughter cells) and astrocytes (directly,
through differentiation). Our results are best described by
a scheme where QNPs, once activated, enter the division cycle
to generate, through asymmetric divisions, the ANPs that, after
2 rounds of symmetric divisions, exit the cell cycle and become
postmitotic NB1 cells, with the majority of the newborn cells
getting eliminated. The remaining NB1 cells mature into NB2,
then IN, and then differentiated mature neurons. Immediately
after giving rise to a daughter ANP cell, the activated QNP enters
another division cycle, with the daughter ANP following the
pathway of the previous ANP. After a rapid succession of 3
divisions, QNPs exit the cell cycle and start acquiring the astro-
cytic morphology (note that the numbers of division rounds for
ANPs and QNPs presented here refer to a young adult mouse,
and the results in Figure 3 indicate that these numbers may
change with age). This scheme predicts particular combinations
of labeled ANPs and QNPs at different rounds of division and,
indeed, we were able to observe each of the predicted combina-
tions after short-term labeling (Figure 7B), further validating the
model.
DISCUSSION
Disposable Stem Cells
Our results provide evidence for a model for the regulation of
stem cells and for their contribution to neurogenesis and astro-
genesis in the adult hippocampus. Furthermore, they indicate
that continuous decrease in the number of neural stem cells
underlies the age-related decline in hippocampal neurogenesis.
Our results, by demonstrating that activation of stem cells
eventually leads to their conversion into astrocytes, imply that,
under normal conditions, hippocampal stem cells are used
only once in the adult life and, while physically present in the
DG, withdraw from the stem cell pool after a rapid series ofdivisions. These results support a model in which a stem cell of
the adult brain can be described as a ‘‘single use’’ or a ‘‘dispos-
able’’ unit: quiescent for the entirety of its adult lifetime, activated
to undergo a series of rapid asymmetric divisions (with progeny,
after additional divisions and massive elimination, maturing into
neurons), and then, via differentiation into an astrocyte, aban-
doned in its capacity to act as a bona fide stem cell. This
‘‘disposable stem cell’’ model, presented schematically in Fig-
ure 7C, links together the age-related decrease in hippocampal
neural stem cells, decrease in new neurons, and increase in
astrocytes. Furthermore, it indicates that disappearance of
hippocampal stem cells is directly linked to production of new
neurons and new astrocytes.
This ‘‘disposable stem cell’’ model contrasts with the conven-
tional model of repeated self-renewal of stem cells followed by
periods of quiescence (Figure 7C). A prototypical example of
the latter model is hematopoietic stem cells, which leave the
quiescent pool every several weeks, divide, and return to G0 to
be activated again at later times (Kiel et al., 2007). Importantly,
the number of hematopoietic stem cells does not decline with
age (Morrison and Spradling, 2008; Rossi et al., 2008). This
‘‘cyclic recurring quiescence’’ model may be also pertinent to
other tissues that do not exhibit age-related decline in the
number of stem cells. In contrast, the ‘‘disposable stem cell’’
model may be employed by tissues in which production of
differentiated cells declines with age.
Our analysis focuses onQNPs, a population of cells defined by
their characteristic morphology, lowmitotic activity, and expres-
sion of the Nestin-driven reporter transgenes. QNPs encompass
the majority of neuron-producing stem cell activity in the adult
DG and overlap to a large degree with other varieties of hippo-
campal stem cells, which have been identified structurally,
functionally, or by expression of other reporters (Eckenhoff and
Rakic, 1984; Garcia et al., 2004; Kosaka and Hama, 1986; Kro-
nenberg et al., 2003; Lugert et al., 2010; Seri et al., 2001; Suh
et al., 2007). However, our results do not exclude possibilities
that DG contains small populations of Nestin-FP-expressing
stem cells with repeated self renewal, stem cells with unusually
long G2/M phases, or stem cells that are not detected using
Nestin-driven reporter systems (Li and Clevers, 2010; Suh
et al., 2007; Zhao et al., 2008). Such populations, however,
would represent a significantly smaller fraction of the stem cell
pool than the ‘‘disposable’’ Nestin-FP-expressing population,
although their contribution may increase upon trauma or physio-
logical demand (Li and Clevers, 2010). Also note that while we do
not observe division of newly derived astrocytes, ourmodel does
not preclude the possibility that, under specific conditions (e.g.,
trauma or disease), such astrocytes may be recruited to
contribute again to the stem cell pool.
The conversion of adult neural stem cells into astrocytes may
have the dual consequence of depleting the pool of precursors
while continuously remodeling the neurogenic niche in the DG.
In contrast to new neurons, the number of hippocampal astro-
cytes increases with age (Mouton et al., 2002; Pilegaard and
Ladefoged, 1996); furthermore, they have an instructive role in
adult neurogenesis through promotion of neuronal differentiation
and integration of young neurons (Song et al., 2002). Thus, it is
conceivable that by converting into astrocytes, former stem
cells contribute to the neuronal differentiation of their or theirCell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc. 575
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remaining stem cells by influencing their rate of activation and
helping to preserve the stem cell pool in the aging brain.
The conversion of QNPs from radial-glia like cells into astro-
cytes bears formal resemblance to the process of astrocyte
generation in the embryonic and perinatal forebrain (Kriegstein
and Alvarez-Buylla, 2009); however, whereas this conversion
takes several days during development, it might be extended
over many months in the adult hippocampus and includes a pro-
longed period of quiescence.
Division and Differentiation Cascade in the DG
Our results describe the details of cell division and differentiation
in the adult hippocampus and provide a comprehensive scheme
of the neurogenic and astrogenic arms of the cascade. Together
with the computational model for evaluating stem cell dynamics,
this detailed description of hippocampal stem cell life cycle
provides a conceptual framework with which to map the targets
of various neurogenic stimuli and compare different strategies by
which stem cells are harnessed for tissue regeneration.
We applied several nonoverlapping approaches (single- and
double-nucleotide pulse labeling, lineage tracing, and computa-
tional modeling), which provided remarkably similar estimates of
the parameters of the cascade. For instance, the number of
divisions of ANPs is determined as 2.45 from the ratio of labeled
ANPs to QNPs after a short labeling period, as 2.3 from the
computational simulation of the single-label pulse experiment
(Figure 4), and as 2 using sequential double-labeling paradigm
(number of detectable peaks of double-labeled cells; Figure 6).
The number of divisions of QNPs is determined as three from
the computational simulation, as three from the number of
detectable peaks of double-labeled cells, and as three using
the height of the second peak in the same experiment (also
see Supplemental Information) (note, however, that these values
reflect the average behavior of the QNP and ANP populations).
These close values serve to increase the confidence in the
results and validate the approaches we used to analyze the
cascade.
These independently derived parameters of the cascade
provide additional support for our ‘‘disposable stem cell’’ model,
through the comparison of the rate at which QNPs are activated
(enter a series of divisions) and the rate of their disappearance.
According to the model, which proposes division-coupled astro-
cytic differentiation of QNPs as the main reason for their decline,
the rates of QNP activation and disappearance have to matchFigure 7. A Schematic Summary of Differentiation Cascade in the DG
(A) A schematic summary of the neuronal and astrocytic differentiation casca
2 rounds of symmetric divisions, exit the cell cycle and become NB1 cells. NB1 c
accompanied by a massive loss of newborn cells. After a rapid succession of
morphology. The estimated number of division cycles is presented for a young ad
intervals of the major steps of the cascade are indicated.
(B) A scheme of divisions and death of stem cells and their progeny in the DG. Mic
short-term labeling; from top to bottom: first S phase of a QNP; second S phase o
second S phase of the daughter ANPs; QNP exiting the string of division (unlabele
the cells and their BrdU-labeled nuclei.
(C) In the conventional ‘‘repeated stem cell self-renewal’’ model, a quiescent stem
eventually differentiates (in this case into a neuron), and returns to the quiescent s
organism. In the ‘‘disposable stem cell’’ model, a stem cell is quiescent for the e
producing progeny, and quits the pool of stem cells by differentiation (in this casclosely. Indeed, using nonoverlapping approaches to determine
these two parameters, we found that, under normal conditions,
an approximate balance exists between QNP activation and
QNP disappearance from the stem cell pool (150 QNP cells
are activated and 170 QNPs disappear each day; see Supple-
mental Information for details). The remarkable similarity of these
independently derived rates of division and disappearance
further support the conclusions that hippocampal stem cells,
after entering the rounds of division, exit the stem cell pool by
converting into astrocytes and that the age-dependent loss of
stem cells occurs in a use-dependent manner.
An important consideration in the nucleotide-labeling experi-
ments is the potential dilution of the label below the level of
detection due to consecutive divisions. Our results present
several independent lines of evidence that our conclusions are
not compromised by the potential dilution of the CldU or BrdU
label below the level of detection. Briefly, (A) periods of QNP divi-
sion and their disappearance in double-label pulse experiments
(Figure 6) do not overlap and are significantly separated in time
and therefore the observed loss of labeled QNPs is not explained
by the label dilution; (B) 90% of the initially labeled QNPs can
be accounted for 30 days after labeling (Figures 4B and 4J)
and the number of BrdU+GFAP+ cells is sustained over this
time, further indicating that the impact of the label dilution on
our conclusions is negligible; and (C) numbers of the QNP and
ANP divisions determined within several hours after label injec-
tion are in excellent agreement with the independently derived
results of long-term labeling experiments, again arguing against
the distortion of the results by the potential label dilution (addi-
tional discussion is presented in the Supplemental Information).
Note that the situation may be different in other contexts (e.g., if
there are so many divisions that the label is diluted beyond the
level of detection). In such cases, one should apply approaches
that rely on data collected soon after label injection and are thus
not compromised by the potential dilution of the label (e.g.,
the ratio of BrdU-labeled ANPs to BrdU-labeled QNPs in the
single-label experiment or the value of the second peak in the
double-label experiments).
Age-Related Decrease in Neural Stem Cells
Aging is accompanied by a continuous decrease in the regener-
ative capacity of many organs (Morrison and Spradling, 2008;
Rossi et al., 2008). For the brain, this decrease may underlie
age-related cognitive decline and limit plasticity and repair. In
the hippocampus, age-related reduction of neurogenesis isde. QNPs generate, through 3 asymmetric divisions, the ANPs that, after
ells mature into NB2 and then into INs and differentiatedmature neurons; this is
several divisions, QNPs exit the cell cycle and start acquiring the astrocytic
ult mouse (2 to 3months old) and is expected to be different at other ages. Time
rographs correspond to the predicted combinations of BrdU-labeled cells after
f a QNP and the first S phase of the daughter ANP; third S phase of a QNP and
d) and progeny ANPs in the third S phase. Insets: schematic representation of
cell is activated, undergoes an asymmetric division, produces a progeny that
tate to be activated again several times until the death of this stem cell or of the
ntire postnatal life, is activated, undergoes several rapid asymmetric divisions
e into an astrocyte).
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The mechanisms underlying the diminished production of new
granule neurons in the hippocampus are not understood and
may be driven by a host of different processes, including a
decrease in size of the neural stem cell pool, diminished prolifer-
ative capacity of stem cells or their progeny, reduced survival of
stem cells or their progeny, or reduced neuronal lineage commit-
ment. Our results indicate that the division-coupled conversion
of neural stem cells into mature astrocytes and, therefore,
continuous decrease of the pool of stem cells may be a funda-
mental cause of age-related decline in hippocampal neurogene-
sis. Note, however, that since only a small fraction of stem cells is
activated for division at different ages, the pool of stem cells and
the number of new neurons they produce, while in continuous
decline, does not come to a halt in older animals and can be
further increased by appropriate stimuli (Cameron and McKay,
1999). Importantly, most of the factors that increase neurogene-
sis (e.g., fluoxetine, exercise, and deep brain stimulation) (Enci-
nas et al., 2006, 2011; Hodge et al., 2008) act downstream of
stem cells, at the level of ANPs and NBs, leaving the pool of
stem cells unaffected. In contrast, trauma, seizures, and disease
activate stem cell division (Gao et al., 2009; Huttmann et al.,
2003; Park and Enikolopov, 2010; Segi-Nishida et al., 2008)
and may contribute to their accelerated loss.
An important implication from our results is that the disappear-
ance of neural stem cells is a direct consequence of them
producing new neurons and that the decline of the stem cell
pool may be the price paid for being able to produce new
neurons as adults. At the same time, as suggested by our results,
the hippocampus, while becoming more frugal in its usage of
stem cells with age (with the rate of neural stem cell attrition in
the hippocampus decreasing up to 10-fold with age, Figure 3),
also manages to generate more dividing cells from each stem
cell, such that the age-related loss in new neurons in the DG is
significantly less than the loss in stem cells. It remains to be
determined if this is accomplished by additional divisions of
QNPs or ANPs, or by reduced death of NBs; note that our results
showing that the QNP/ANP ratio changes with age (Figure 3)
point to an increased productivity of stem cells in the aging brain.
Together, the decreased rate of hippocampal stem cell activa-
tion and disappearance, their increased output, and the contin-
uous astrocyte-mediated remodeling of the niche by former
stem cells may constitute a complex strategy for supporting
neurogenesis in the aging hippocampus in the face of an ever-
diminishing pool of stem cells.EXPERIMENTAL PROCEDURES
Animals
All experiments were performed using C57B6 mice, Nestin-GFP (Mignone
et al., 2004), and Nestin-CFPnuc (Encinas et al., 2006) transgenic mice. Nes-
tin-GFP andNestin-CFPnuc were crossed to C57B6mice for at least 10 gener-
ations. Z/EG (Tg[ACTB-Bgeo/GFP]21Lbe) reporter mice (Novak et al., 2000)
were obtained from The Jackson Laboratory. Rosa26/CMV-loxP-stop-loxP-
GFP (RCE) and Nestin-CreER mice were generated by G.F. (Balordi and
Fishell, 2007). Gli1-CreER mice were generated by Joyner and collaborators
(Ahn and Joyner, 2005). The age and number of animals are indicated in the
figure legends and the figures, with each animal represented by a dot on the
graph. Use of animals was reviewed and approved by the CSHL Animal
Care and Use Committee.578 Cell Stem Cell 8, 566–579, May 6, 2011 ª2011 Elsevier Inc.Lineage Analysis
Lineage analysis was performed as described (Ahn and Joyner, 2005; Balordi
and Fishell, 2007), with additional details presented in the Supplemental
Information.
Immunocytochemistry, Image Capture, and Quantification
Immunocytochemistry, image capture, and quantification were performed
following optimized, previously described procedures (Encinas and Enikolo-
pov, 2008; Encinas et al., 2006, 2011) and are described in detail in the Supple-
mental Information.
Computational Modeling
Computational modeling and processing of the experimental data are
described in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at doi:
10.1016/j.stem.2011.03.010.
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